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ABSTRACT
Thick ta r g e t  brem sstrah lung  p roduction  was measured in  th ic k  
carbon ta r g e ts  fo r  e le c tro n  en e rg ie s  o f  1 .05  and 1 .25  Mev. The t o t a l  
r a d ia t io n  f lu x  and th e  angu lar dependence o f  th e  r a d ia t io n  f lu x  i s  
p re se n te d . The e f f ic ie n c y  o f  X -ray p ro d u c tio n  i s  g iv en . The e x p e ri­
m ental r e s u l t s  a re  compared to  r e s u l t s  o f  two d i f f e r e n t  th e o r e t ic a l  
c o n s id e ra tio n s  and to  v ario u s  em p irica l r e l a t io n s .
v i i i
THICK TARGET BREMSSTRAHLUNG PRODUCTION
INTRODUCTION
When a  ‘bombarding e le c tro n  s t r ik e s  a  substance i t  lo se s  i t s  k in e t ic  
energy o r  i s  d e f le c te d  from i t s  o r ig in a l  p a th  by fo u r p r in c ip le  types o f  
in te r a c t io n s .  The two ways in  which th e  e le c tro n  d ir e c t io n  i s  changed 
a re  th e  e l a s t i c  c o l l i s io n s  w ith  th e  nucleus and th e  e l a s t i c  c o l l i s io n s  
w ith  th e  atom ic e le c tro n s .  For e l a s t i c  n u c le a r  s c a t te r in g  th e  in c id e n t 
e le c tro n  i s  d e f le c te d  by th e  nucleus b u t lo s e s  on ly  th e  k in e t ic  energy 
re q u ire d  fo r  co n serv a tio n  o f  momentum between th e  two p a r t i c le s .  In  
e l a s t i c  atom ic s c a t te r in g ,  an in c id e n t charged p a r t i c l e ,  th e  e le c tro n , 
may be e l a s t i c a l l y  d e f le c te d  in  th e  f i e l d  o f  th e  atomic e le c tro n s  o f  a 
t a r g e t  atom. Such c o l l i s io n s  a re  s ig n if ic a n t  only  fo r  very low energy 
e le c tro n s  ( le s s  th an  100 e le c tro n  v o l t s ) .
The e le c tro n  lo s e s  i t s  k in e t ic  energy p r im a r ily  through th e  
fo llow ing  two mechanisms. F i r s t ,  i t  may s u f f e r  c o l l i s io n s  w ith  th e  
atom ic e le c tro n s  r e s u l t in g  in  th e  e x c i ta t io n  o r  io n iz a tio n  o f  th e  s tru c k  
atom. Second, i t  may s u f fe r  d e f le c tio n s  in  th e  f i e l d  o f  th e  atomic 
nucleus o r  th e  e le c tro n s .  In  some o f  th e se  d e f le c t io n s ,  a  quantum 
o f  r a d ia t io n  i s  em itte d , le a v in g  th e  in c id e n t e le c tro n  w ith  reduced 
energy .
In  t h i s  in v e s t ig a t io n  we a re  on ly  concerned w ith  th e  lo s s  o f  k in e t ic  
energy when an e le c tro n  experiences a  d e f le c t io n .  In  1895 Roentgen f i r s t
2
3re p o rte d  m ysterious ray s  which r e s u l te d  from in e la s t i c  c o l l is io n s  o f 
e le c tro n s  w ith  n u c le i which a re  a s so c ia te d  w ith  th e  d e f le c t io n  o f in c id e n t 
charged p a r t ic le s  by th e  Coulomb f i e ld  o f  n u c le i .  The r a d ia t io n  produced 
in  t h i s  way i s  u s u a lly  c a l le d  brem sstrah lung  from th e  German word meaning 
’"braking r a d ia t io n ."  According to  c la s s ic a l  th e o ry , a  charge w i l l  r a d ia te  
when i t  experiences an a c c e le ra t io n . T herefo re , when a  charged p a r t ic le  
i s  d e f le c te d  from i t s  p a th  o r has i t s  v e lo c ity  charged, i t  should em it 
e lec tro m ag n e tic  r a d ia t io n  whose am plitude depends on th e  a c c e le ra tio n .
The a c c e le ra tio n  g iven  to  an e le c tro n  o f  charge e and mass m by a 
nucleus o f  charge Ze i s  p ro p o rtio n a l to  The in te n s i ty  o f  the
r a d ia t io n ,  which i s  p ro p o rtio n a l to  the square o f  th e  am plitude, w i l l
vary  as From t h i s  we see th a t  th e  t o t a l  b rem sstrah lung  p e r atom
m2
v a r ie s  as the  square o f th e  atom ic number o f th e  absorbing  m a te r ia l.
This f a c t  i s  v e r i f ie d  by experim ent. A lso, th e  t o t a l  brem sstrahlung 
v a r ie s  in v e rse ly  as  th e  square o f th e  mass o f  th e  in c id e n t p a r t i c l e .  
Because o f t h i s  f a c t ,  b rem sstrah lung i s  alm ost com pletely n e g lig ib le  fo r  
a l l  sw if t  p a r t ic le s  o th e r  th an  e le c tro n s .
A sem iq u an tita tiv e  trea tm en t o f  th e  r a d ia t io n  phenomenon by e le c tro n s  
i n  p assin g  through m atte r fo llo w s . C onsider a  p a r t i c le  o f  charge e ,  
mass m, and v e lo c ity  3c p ass in g  through m atte r whose n u c le i a re  o f
\
charge Ze. L et b be th e  im pact param eter. Below i s  a  diagram o f  th e  
s i t u a t i o n .
i Ze
I
i
I b
>  ■■ - i -------------------
e
V -> * 3c
kL et us f i r s t ,  however, co n sid e r th e  phenomenon in  a frame o f  re fe ren ce  in  
which th e  p a r t ic le  i s  i n i t i a l l y  a t  r e s t  and th e  nucleus moves w ith  a 
v e lo c i ty  ~{3c.
The maximum value o f  th e  a c c e le ra tio n  o f  th e  e le c tro n  can he
ex-ore ssed  as
amax - Ze2
“ b \j 1 -  |32
2bThe a c c e le ra tio n  has a  value amax fo r  a tim e o f  th e  o rd er o f  ~  \jl  
The energy ra d ia te d  during  t h i s  c o l l i s io n  tim e i s
Q, = (Rate o f  r a d ia t io n )  x (C o llis io n  tim e)
- P
or
r  2 n2 e _2 2b5^5 ^ax X :(1 -  P*)
2^1/2
3 \m 2 cy \b 3 j  \1  -  p2
1/2
u s  now re tu rn  to  th e  frame o f  re fe ren ce  where th e  e le c tro n  moves w ith
a v e lo c ity  {3c and th e  nucleus i s  s ta t io n a ry .  The r a d ia t io n  f i e l d  can be
1F o u rie r  analyzed and g iv es  th e  frequency from 0 -> C o llis io n  tim e as V
v = c/2b y l  -  p2 . This allow s th e  c a lc u la tio n  o f  dQ/dv which i s  th e  
p u lse  h e ig h t d is t r ib u t io n .
^  s  Q ( d i f f e r e n t i a l  in  photon energy)
_ k Zz e& J .. 1  f i  _ a2\ (gt>\
" 3 b3 (1  .  p 2 )u  p V J
-  8 Z2e6 1
" 3 m2c5 „a
5In  o rd er to  determ ine th e  d i f f e r e n t i a l  r a d ia t io n  p ro b a b i l i ty  o r c ro ss  
s e c tio n , 0r a ^(To,h )  o r  th e  c ro ss  se c tio n  f o r  th e  em ission o f  a photon 
ly in g  in  the  energy range k to  k + dk, we know th a t  k0ra(^(To ,k )d k  ox = 
(Energy ra d ia te d  p e r  c o l l is io n )  x (Humber o f  c o l l is io n s )  
where k = photon energy
T0 = k in e t ic  energy o f  e le c tro n  
The number o f  c o l l i s io n s  w ith  im pact param eters ly in g  between b and 
b + db i s  equal to  H/A(2icbdb)dx 
where h = Avogadro number
A = Atomic w eight o f  th e  t a r g e t  m a te r ia l  
T herefore
= f mCC' h  I  2ltbdbix
^ b a in  ? m b
o r
Then
kd ^(T o .k jdk  = lo g  h a x ,
ra d  ° '  ‘ 3 h W m205 8 tm in
where h  i s  equal to  — .
2«
C le a r ly  from th e  above eq u a tio n  0ra ^(To ,k ) depends on 7? and l / k .  
The above semi q u a n ti ta t iv e  tre a tm en t corresponds to  th e  f a c t  th a t  
c la s s i c a l ly  th e  F o u rie r  spectrum  o f  em itted  r a d ia t io n  in  each c o l l i s io n  
i s  rough ly  c o n s ta n t.
6In  th e  p reced ing  d isc u ss io n  c la s s ic a l  th eo ry  was used to  determ ine 
th e  d i f f e r e n t i a l  r a d ia t io n  p r o b a b i l i ty .  However, when the  d e f le c t io n  o f  
f a s t  e le c tro n s  f a l l s  in  th e  domain where Z/137P «  1> th e  tru e  c h a ra c te r  
o f th e  in te r a c t io n  d i f f e r s  from c la s s ic a l  p ic tu r e .  I t  i s  c o r re c tly  
p re d ic te d  by quantum m echanics. As m entioned b e fo re , th e  c la s s ic a l  
th eo ry  o f  b rem sstrah lung  in c o r re c t ly  p re d ic ts  th e  em ission  o f r a d ia t io n  
in  every  c o l l i s io n  in  which an e le c tro n  i s  d e f le c te d , th e  r a d ia t io n  
being  alm ost co n sta n t f o r  any g iven  e le c tro n  energy . However, f o r  th e  
average over a l l  c o l l i s io n s ,  th e  c la s s ic a l  and quantum-mechanical c ro ss  
s e c tio n  fo r  r a d ia t io n  c o l l i s io n s  a re  o f  th e  same o rd e r o f  m agnitude, t h a t  i s
° rad  Cm2/nUCleUS
According to  th e  quantum-mechanical model th e re  i s  a sm all b u t 
f i n i t e  p ro b a b i l i ty  th a t  a photon w i l l  be em itted  each tim e th e re  i s  a  
d e f le c t io n  o f  th e  p a r t i c l e .  The p ro b a b i l i ty  i s  so sm all th a t  u su a lly  
th e re  i s  no photon e m itte d . In  th e  few c o l l i s io n s  th a t  th e re  a re  photon 
em issions, a  la rg e  amount o f  energy i s  r a d ia te d . In  t h i s  way th e  quantum 
th e o ry  re p la c e s  th e  la rg e  number o f  sm all energy lo s s e s  o f  c la s s ic a l  
th eo ry  by a much sm aller number o f  la rg e  energy lo s s e s .  The o v e r -a l l  
energy i n  b o th  cases a re  about th e  same. The sp e c tra  d is t r ib u t io n s ,  
o f  cou rse , a re  very d i f f e r e n t  in  th e  two m odels. Experim ental r e s u l t s  
a re  in  agreement w ith  th e  quantum-mechanical model.
The o b je c t o f  th e  p re se n t in v e s t ig a t io n  i s  to  in v e s t ig a te  the  
b rem sstrah lung  s p e c tra  produced when e le c tro n s  o f  v ario u s  en e rg ie s  
(1 .05  and 1 .25  Mev.) bombard th ic k  t a r g e t s .  A th ic k  ta r g e t  i s  defin ed  
as one which w i l l  t o t a l l y  s to p  th e  e le c tro n s  b u t w i l l  be made as th in  as
7p o ss ib le  so as no t to  cause unnecessary  a b so rp tio n  o f  th e  brem sstrah lung 
c re a ted  in s id e  th e  t a r g e t .  No adequate th eo ry  has been developed fo r  
p re d ic tin g  brem sstrah lung produced -when e le c tro n s  s t r ik e  a  th ic k  t a r g e t .
This i s  due to  th e  s tra g g lin g  o f  th e  e le c tro n  as i t  p asses  through th e  
ta r g e t  m a te r ia l ,  th e  unknown amount o f energy lo s s  o f  th e  e le c tro n  as 
i t  p asses through th e  m a te r ia l ,  and a b so rp tio n  o r p a r t i a l  a tte n u a tio n  
o f th e  X-ray r a d ia t io n  by th e  t a r g e t  m a te r ia l i t s e l f .
There are  adequate th e o r ie s  fo r  th e  th in  t a r g e t  case . The quantum- 
m echanical th eo ry  f o r  b rem sstrah lung  from r e l a t i v i s t i c  e le c tro n s  has been 
developed by S au ter ( r e f .  1 ) ,  and Bethe and H e i t le r  ( r e f .  2 ) ,  u sing  
D ira c ’s r e l a t i v i s t i c  th eo ry  o f th e  e le c tro n  and th e  f i r s t  approxim ation 
o f  Born. The n o n r e la t iv i s t i c  th eo ry  has been developed by Sommerfeld 
( r e f .  3) u sing  ex a c t wave fu n c tio n s . The th e o r e t ic a l  s o lu tio n  o f  Bethe 
and H e i t le r  assumes th a t  a  p lane  wave re p re se n tin g  th e  e le c tro n  e n te r s  
th e  n u c lea r f i e ld ,  i s  s c a t te re d  and has a  f i n i t e  chance o f  em ittin g  a 
photon . The e le c tro n  i s  ac ted  on by th e  e lec tro m ag n e tic  f i e ld  o f th e  
em itted  photon, as w e ll as by th e  coulomb f i e l d  o f  th e  n u c leu s . The 
in te rm ed ia te  s ta te s  o f  th e  system involve th e  n egative  energy s ta te s  
which c h a ra c te r iz e  th e  D irac e le c tro n  th e o ry . A quantum-mechanical 
d e r iv a tio n  o f  b rem sstrah lung  p roduction  c ro ss  s e c tio n  tak en  from r e f ­
erence k can be seen in  th e  appendix. Koch and Motz ( r e f .  5) have accu­
m ulated a con sid e rab le  amount o f  in fo rm ation  about th e  brem sstrah lung  
p ro c e s s . T h e o re tic a l form ulas fo r  the  th in  ta r g e t  p rocess  w ith  t h e i r  spe­
c i f i c  l im i ta t io n s  are  p re se n te d . These th e o r e t ic a l  r e s u l t s  a re  compared w ith  
experim en tal r e s u l t s  where p o s s ib le .  The experim ental and th e o r e t ic a l  
r e s u l t s  a re  in  c lo se  agreem ent. A lso, th ic k  ta r g e t  experim ental d a ta  a re
8p resen ted  fo r  sev e ra l t a r g e t  e lem ents. An em p irica l r e l a t io n  fo r  th e  
e f f ic ie n c y  o f th ic k  t a r g e t  ‘brem sstrahlung i s  g iv en . However, no a ttem pts  
have been made to  e x p la in  th e  experim ental r e s u l t s  in  term s o f th e  b a s ic  
in te r a c t io n s .  The p re se n t work w i l l  a ttem pt to  d isc u ss  th ic k  ta r g e t  X-rays 
in  term s o f in d iv id u a l e le c tro n  p ro ce sse s .
The experim en tal r e s u l t s  in  t h i s  in v e s t ig a t io n  w i l l  be compared w ith  
two th e o r e t ic a l  c a lc u la t io n s .  The f i r s t  th e o r e t ic a l  r e s u l t s  were ca lcu ­
la te d  assuming th e  th ic k  ta r g e t  i s  a  com bination o f many th in  t a r g e ts  and 
th a t  th e  e le c tro n  ta k e s  a s t r a ig h t  p a th  through th e  ta rg e t*  The second 
th e o r e t ic a l  r e s u l t s  were o b ta in ed  by assuming th e  e le c tro n s  tak e  random 
d ire c t io n s  through th e  t a r g e t .  In  bo th  cases th e  th e o r e t ic a l  equations 
fo r  th in  t a r g e ts  from Koch and Metz ( r e f .  5) were used and adapted to  th e  
th ic k  ta r g e t  p ro c e ss .
CHAPTER I
THEORETICAL APPROACH
Two th e o r e t ic a l  approaches have been made. Although th ese  co n sid e ra­
t io n s  do n o t o b ta in  an e x p l i c i t  ex p ress io n  fo r  th e  in te n s i ty  o f  th e  X -rays, 
methods have been dev ised  fo r  th e  num erical c a lc u la tio n  o f  th e  X-ray 
in te n s i ty  as a  fu n c tio n  o f  angle o f em ission . By in te g ra tin g  th e  in te n s i ty  
o f  em itted  r a d ia t io n  over a l l  an g le s , th e  t o t a l  em itted  r a d ia t io n  can be 
c a lc u la te d .
S tra ig h t- th ro u g h  e le c tro n  p a th .-  In  t h i s  case th e  th ic k  ta r g e t  i s  
assumed to  be a com bination o f  th in  t a r g e t s .  That i s
ness o f  £E can be removed by in te g ra t in g  over th e  e n t i r e  range , th a t  i s
n
(Thick) = ^  |g (T h in ) (1)
i= l
where
( 2)
* do*£E has been a r b i t r a r i l y  s e t  a t  5 Kev. For a  comparison o f  th e  — (Thick)
do doaverage w ith  ^ ( T h i n ) , ^ (T h ic k )  should be d iv id ed  by n . The a r b i t r a r f
(Thick) = f  
VQ
(5)
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For th e  X-rays produced w ith in  th e  t a r g e t ,  th e  e f f e c ts  o f  th e  
rem ainder o f  th e  ta r g e t  can "be allow ed fo r  as fo llow s:
^ (T h ic k )  =
'•^max
ML
dor dS -*r(k)x(k)
dE
dx
where T(k) i s  th e  a tte n u a tio n  c o e f f ic ie n t  f o r  photons o f energy k 
and x(k) i s  th e  d is ta n c e  "between th e  s i t e  o f  c re a tio n  o f  th e  photon 
and th e  "back face  o f  th e  t a r g e t .  ~  i s  equal to  th e  ex p ress io n  given 
by Koch and Motz ( r e f .  5) fo r  th in  ta r g e t  b rem sstrah lung  p roduction  
which i s
dor _ z2 ro2 dk p J k 
dk *“ 137 k P0 p  “ 2EqE
+ Pq A €qE €Eq ££q
P2Po2 Po- PoP
+ L
8EoE
3p 0p
k2(EQ2E2 + p02p2) k + PqJ
+         — +  — —
2PoP
l€o -
EqE + p^\ f 2kE0E>
Vp2Po2
(5)
where
L = 2 In EqS + p0p -  1 . €q = Zn( 5 o _ l I o ) .  e .  ln l E + p
-  P, E -  p (6)
The ra d ia te d  f lu x  o f  d i f f e r e n t  freq u en c ies  fo r  d i f f e r e n t  an g u lar d ire c -  
t io n s  can be c a lc u la te d  by usin g  -----  in  eq u a tio n  (4) fo r  — . ThedkdQ
ex p ress io n  given by Koch and Motz ( r e f .  5) fo r dcdkdQ
dk
i s  as fo llow s:
&l
k1A
RY
11
Z2r  2
J S -  = - - 2 — J2. d%  /
dkd0 8« 137 it pQ K '
8 s in 20o (2Eo2 + l )  2(5EQ2 + 2EEQ + 3)
. ^  o  . -o  
-\ ‘-Vs Po2 Ao2
2(pQ2 -  k2)
Q2 A02
hE
Po A) PP,
4Sq s in  9Q(3k -  p02E) 4Bq2(Eq2 E2) 
Po2 ^  Po2 A d2
2 -  2(7E02 - 3EE0 + E2 ) 2k(E02 + EE0 -  l )
+  ! I............  ■ +  — - - -  I
„ 2 A 2 
P0 o Po2 Ao
Q\
IAd/ \P y
6k  ^ ( P q 2 "  k 2 )
Q2 Aq
(7)
h -  In
EE0 - 1 + PPo
EE0 - 1 -  PPo. ) As = Eo -  Pocos ®o> 6 “ ln
E + p 
E -  p
eQ = Zn f l - t P. 
Q - P
Q2 «= pD2 + k2 -  2p0k cos 9q
These equations have been d e riv ed  usin g  Born approxim ations. No allowance 
fo r  screen ing  by o r b i t a l  e le c tro n s  has been made.
Random e le c tro n  d ir e c t io n  in  th e  t a r g e t ."  A more r e a l i s t i c  approach 
to  th e  problem would be to  assume th a t  th e  e le c tro n  does n o t go s t r a ig h t
through th e  t a r g e t .  For 1 -m il l io n -v o lt  e le c tro n s ,  th e  Mott s c a t te r in g  i s  
n o t to o  d i f f e r e n t  from tn e  R u therfo rd  s c a t te r in g  f o r  ang les  up to  about 
60°. Most o f  th e  e l a s t i c  s c a t te r in g  in  t h i s  energy reg io n  i s  confinedLUo
LU
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to  ang les  below 60°. T h erefo re , we w i l l  c a lc u la te  R u therfo rd  s c a t te r in g  
c ro ss  s e c tio n  f o r  th e  purpose o f  c a lc u la tin g  th e  t o t a l  number o f d e f le c t io n s  
an e le c tro n  might s u f fe r  b e fo re  i t s  energy f a l l s  below th e  io n iz a t io n  energy 
o f  th e  K -sh e ll o f  th e  t a r g e t  atom s. This s c a t te r in g  c ro ss  s e c tio n  in  carbon 
i s  c a lc u la te d  as  fo llow s:
a = I  dcr(6)dft
» f  2it dcr(0)sin 0 d0
w A
0 a  nL et x = 2 ciianSe th e  low er l i m i t  from 0 to  1° so as  to  p rev en t th e  
in te g r a l  from becoming i n f i n i t e .
g  -  — ?rv"  /  co t x cosec2x dx = (13>0Q0)
m J 1 /2  m2V^
»  65 x 10^ b arn s
Allowing fo r  th e  slow ing down e f f e c t s  a = 5 X 10*^  b a rn s . Using th e  
c r i t e r io n  o f  a c o u l ^ - ~ ~ j  = 1 , Ax = 10“^ cm. Thus th e  t o t a l  number o f  
d e f le c t io n s  th a t  th e  e le c tro n  w i l l  s u f f e r  b e fo re  i t  i s  slowed down i s  o f  
th e  o rd e r o f  1CP .
A M onte-Carlo c a lc u la t io n  co n sid e rin g  one-hundred thousand d e f le c tio n s  
would be too  te d io u s  and m ight no t be j u s t i f i a b l e  in  view o f  th e  approxima­
t io n s  made. The number o f  s c a t te r in g s ,  th e re fo re ,  have been reduced to  
200.
200 200
d<r 
W
i=l i=l
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have been c a lc u la te d . The fo llow ing  assum ptions have been made in  th e se
1* The coulomb d e to u rs  o f  th e  e le c tro n  a re  g iven by th e  Mott 
d i f f e r e n t i a l  s c a t te r in g .
2 . The energy lo s s  by th e  e le c tro n s  between two "consecutive" 
c o l l i s io n s  i s  g iven  by 5 Kev.
3* The number o f atoms encountered by th e  e le c tro n  between two
At each c o l l i s io n  th e  Mott envelope i s  considered  a f re s h , th a t  i s ,  
th e  p ro b a b i l i ty  o f  two la rg e  d e f le c tio n s  in  successive  c o l l i s io n s  i s  
assumed to  be sm all. Id e a l ly ,  a  s in g le  e le c tro n  should be follow ed 
th rough  a l l  o f i t s  Mott c o l l i s io n s ,  b u t th e  p ro b a b i l i ty  o f  la rg e  an g les ,
(< 60°) s c a t te r in g  i s  so sm all th a t  no se rio u s  e r ro r  may be in tro d u ced  
i f  we co n sid e r t h a t  a t  each Mott c o l l i s io n  th e  e le c tro n  d ire c t io n  
co in c id es  w ith  th e  d ire c t io n  o f  in c id en ce .
5 . The an g u lar d is t r ib u t io n  ex p ress io n  w i l l  be g iven by
c a lc u la tio n s :
n
where n = T0/5  Kev. and = number o f  atoms in  th e  s t r i p
= 5 K ev./(dE /dx)^
l b
Allowance fo r  ab so rp tio n  o f th e  photons by th e  t a r g e t  have been 
made by th e  equation
§£  _ V  M  e -T(3c)ac(Ei) 
dk "  Li  dk
where x(E^) = range o f  e le c tro n s  o f  energy E±
th= k in e t ic  energy o f  e le c tro n s  a t  th e  i  c o l l i s io n
- * o -  L * *
n=l
Both th e o r e t ic a l  approaches were programed and th e  c a lc u la tio n s  were 
c a r r ie d  ou t on th e  IBM 7090 computer a t  th e  d a ta  re d u c tio n  c e n te r  a t  
Langley Research C en te r.
CHAPTER I I
APPARATUS AND PROCEDURE
T arget p re p a ra t io n .-  A th ic k  ta r g e t  i s  one whose th ic k n e ss  i s  equal 
to  th e  range o f th e  ap p ro p ria te  e le c tro n s .  In  o rd er to  tak e  account o f  
th e  s tra g g le  in  range, th e  ta r g e t  th ick n esses  were made 10 p e rc en t 
g r e a te r  th an  th e  ran g e . Katz and Penfold  ( r e f .  6) have g a th ered  a l l  
th e  a v a ila b le  experim ental d a ta  concerning e le c tro n  ranges in  m a te r ia ls  
and have deriv ed  th e  fo llow ing  em p irica l r e la t io n  fo r  th e  range o f  th e  
e le c tro n s .
R(mg/cm^) = *1-12 En
where n = 1.265 - 0.095^ E
E i s  th e  k in e t ic  energy o f  e le c tro n s  in  Mev.
Chem ically pure carbon (Z = 6) was ob ta ined  from th e  N atio n a l Carbon 
Company. One square cen tim ete r  t a r g e ts  o f  ap p ro p ria te  th ick n ess  
(2 .15  m illim e te rs  f o r  th e  1 .05  Mev. e le c tro n s  and 2 .86  m illim e te rs  fo r  
th e  1 .25  Mev. e le c tro n s )  were cu t from th e  b lo c k s . The ta r g e ts  were 
c leaned  u l t r a s o n ic a l ly  b e fo re  u se .
A pparatus assem bly.-  The e n t i r e  beam tube and ta r g e t  chamber a re  shown 
in  f ig u re  1 . The beam tube con ta ined  a  c o llim a tin g  s e c tio n . Three s e ts  
o f  carbon co llim a to r  b lo ck s  were used to  co llim a te  th e  beam to  th e  d e s ire d  
s iz e .  The e n t i r e  beam tube and chamber was evacuated  by use o f  d if fu s io n
15
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pumps to  a p re ssu re  o f  approxim ately  3 X 10“ ^ m illim e te rs  o f  m ercury. 
S everal va lves were p laced  on th e  beam tu b e . One was a  s a fe ty  valve 
used to  p ro te c t  the  Dynamitron in  case a le a k  developed in  th e  beam 
tube and ta r g e t  chamber. Another valve was p laced  between th e  c o l l i ­
m ator tube and th e  t a r g e t  chamber to  allow  th e  changing o f  ta r g e ts  
w ith o u t opening th e  e n t i r e  beam tube to  atm ospheric p re s s u re .
T arget chamber.-  Two d i f f e r e n t  t a r g e t  chambers were used in  th e  
in v e s t ig a t io n .  One o f  th e  chambers had a  12 -in ch -lo n g  aluminum p ipe 
a tta c h e d  to  th e  end o f  a  2 -in ch  ex ten s io n  tube o f  th e  t a r g e t  chamber 
o p p o site  th e  e le c tro n  e n try  p o r t .  This ta i lp ip e  was p rov ided  to  enable 
th e  background measurements to  be made w ithou t d is tu rb in g  th e  d e te c tin g  
s e tu p . A diagram o f t h i s  chamber w ithou t th e  aluminum ta i lp ip e  a tta c h e d  
i s  shown in  f ig u re  2 . The second chamber was j u s t  a  b ra s s  c y lin d e r  
8 inch es  in  d iam eter and was used fo r  making X-ray measurements a t  
ang les  between 0° and to  th e  e le c tro n  beam.
The ta r g e t  chamber was mounted a t  th e  c e n te r  o f a  32-inch -d iam ete r 
s t e e l  ta b le  o f  a d ju s ta b le  w eigh t. The c i r c u la r  ta b le  had th e  ang les
\
marked in  l / 2 °  d iv is io n s  in  o rd e r to  a c c u ra te ly  s e t  th e  angle o f  th e  
movable d e te c to r .
Beam in te g r a t io n .-  The ta r g e t  was in s u la te d  from th e  t a r g e t  chamber 
and th e  chamber i t s e l f  was in s u la te d  from th e  r e s t  o f  th e  beam tube by a 
L u c ite  in s u la t in g  r in g .  The charges in c id e n t on th e  t a r g e t  and th e  chamber 
(e le c tro n s  s c a t te re d  from the  ta r g e t )  were in te g ra te d  w ith  th e  E l cor 
cu rr.-n t in te g ra to r s  (model no . 309B). These in te g ra to r s  a re  ab le  to  
measure c u rre n ts  as low as  1 0 " ^  ampere.
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D etecting  system .-  The X -rays were d e te c te d  w ith  a 2 -in .  x 2 -in .
N al(T l) c ry s ta l  mounted on a  Dumont 6292 p h o to m u litp lie r . The d e te c to r  
was mounted on a  ro ta ta b le  s te e l  arm a t  a  d is ta n c e  o f  12.156 inches from 
th e  t a r g e t .  An 8 - inch -long  le a d  c o llim a to r  w ith  a tap e red  a x ia l  c learance  
le ad in g  to  th e  c e n te r  o f  th e  t a r g e t  was in te rp o se d  between the  chamber and 
th e  N al(T l) c r y s ta l .  The co llim a to r  ho le  was 0.925 inch  in  d iam eter a t  th e  
face  in  co n tac t w ith  th e  c r y s t a l . The ho le  d iam eter had a  g ra d ie n t o f
0.07^ inch  p e r in ch . In  o rd er to  tak e  account o f  th e  ta r g e t  d e te r io ra t io n  
th e  p ro cess  was m onitored w ith  ano ther 2 - in .  x 2 - in .  N al(T l) c r y s ta l  a lso  
mounted on a 6292 photo tube and p laced  a t  a  d is ta n c e  o f  11.00 inches 
from th e  t a r g e t  a t  an angle o f 52°  on th e  s id e  o f  th e  beam opposite  to  
th a t  scanned by th e  movable d e te c to r .  A 6 .0 0 -inch -long  le a d  co llim a to r 
was used w ith  th e  m onitor c r y s ta l .  The m onitor coun ter o u tp u t, a f t e r  
s u ita b le  a m p lif ic a tio n  and p u lse  shaping was fed  in to  a  Hamner (model N 302) 
s in g le -ch an n e l a n a ly ze r.
The ou tpu t o f  th e  movable co u n te r, a f t e r  s u ita b le  a m p lif ic a tio n  was 
fed  in to  th e  ^00-channel p u lse  h e ig h t an a ly zer (TMC model no. ^02 ). The 
sp e c tra  were th en  p r in te d  out w ith  an IBM ty p e w rite r .  The d e te c to rs  and 
t h e i r  r e l a t iv e  p o s it io n s  can be seen in  f ig u re  3« The r e s u l t s  o f  th e  
c a l ib r a t io n  o f  th e  400-channel p u lse  h e ig h t an a ly ze r u s in g  known sources 
can be seen in  f ig u re  4 .
Experim ental p ro ced u re .-  The X -ray sp e c tra  from the  carbon ta r g e t  
were measured a t  ang les  o f  5°> 15°> 30°, ^5°> 60° ,  73°> 90° ,  105°, 120°, 
and 130°. The angle o f th e  d e te c to r  was changed by moving th e  ro ta ta b le  
arm to  th e  d e s ire d  angle s e t t in g  marked on th e  t a b le .  Background measure­
ments were a lso  made a t  each angle w ith  th e  carbon ta r g e t  p u lle d  from th e
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bean . This could be done by loo sen in g  th e  quick d isconnect ho ld ing  th e  
ta r g e t  ho ld er and p u ll in g  th e  t a r g e t  ou t o f  th e  beam. The movement o f th e  
t a r g e t  from th e  beam could be accom plished w ithou t b reak ing  th e  vacuum.
E lec tro n  beams o f  th e  o rd er o f  2 millimicr© am peres and o f  en e rg ies  
1 .05  and 1 .25  Mev. from th e  1 .25-Msv. I^ynamitron were focussed  on th ic k  
carbon ta r g e t s .  The e le c tro n  beam was cen te red  on th e  ta r g e t  w ith  th e  
h e lp  o f a  Ling TV camera. A very  th in  p iece  o f  t i ta n iu m  coated  w ith  zinc  
s u lf id e  was used to  d e te c t  th e  beam lo c a t io n .  The zinc s u lf id e  flu o resced  
when bombarded by th e  e le c tro n  beam. The beam excu rsions due to  v a r ia t io n  
in  energy o r change in  c u rre n t through th e  focussing  le n s  c o i ls  were 
l im ite d  by the  carbon c o ll im a to rs . I t  must be p o in ted  ou t th a t  th e  
d e te c to rs  were w e ll sh ie ld e d  from any r a d ia t io n  produced anywhere excep t 
a t  th e  t a r g e t .  Thus, th e  f a c t  th a t  th e  e le c tro n  beam h i t  th e  c o llim a to rs  
b e fo re  i t  reached th e  t a r g e t  d id  n o t, in  any way, v i t i a t e  th e  o b se rv a tio n s .
The X -rays produced were measured w ith  th e  t a r g e t  in  th e  p a th  o f  th e  
beam and w ith  th e  ta r g e t  p u lle d  up so as to  allow  th e  beam to  go and h i t  
th e  end o f  th e  long  aluminum p ip e . The counting r a te  w ith  th e  t a r g e t  ou t 
o f  th e  beam was l e s s  th an  a couple o f  p e rcen t o f  th e  counting r a te  w ith  
th e  ta r g e t  in  th e  beam. Assuming th a t  th e  d e te c to r  was e q u a lly  sh ie ld ed  
from. a l l  d ire c t io n s  ex cep t th e  t a r g e t ,  th e  background c o n tr ib u tio n  was 
allow ed fo r  as fo llow s: Suppose th e  charge c o lle c te d  by th e  chamber
when th e  beam was in c id e n t on th e  t a r g e t  i s  Q^. The average d is ta n ce  o f  
th e  p o in ts  where th e  s c a t te re d  e le c tro n s  s t r ik e  th e  t a r g e t  chamber i s  
equal to  th e  d is ta n c e  o f  th e  beam l in e  from th e  d e te c to r s .  For th e  pur­
pose o f  m easuring d is ta n c e s  between th e  e f f e c t iv e  s i t e  o f  background 
counts and th e  d e te c to r ,  d^, we have tak en  th e  e f fe c t iv e  s i t e  as a  p o in t
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2 inches ahead o f  th e  ta r g e t  on th e  team l i n e .  This should tak e  care  o f  
any d is t r ib u t io n  o f  th e  s c a t te re d  e le c tro n s .  When th e  t a r g e t  i s  p u lle d  
ou t o f  th e  beam, th e  e le c tro n s  s t r ik e  th e  end o f  th e  aluminum p ip e . Let 
th e  charge in c id e n t on th e  p ipe be Qg and th e  e f f e c t iv e  d is tan ce  between 
th e  d e te c to r  and th e  p o in t where th e  e le c tro n s  s t r ik e  th e  p ip e .b e  d^- 
I f  now th e  counting r a t e  w ith  th e  t a r g e t  withdrawn i s  th e  a c tu a l
background counting r a te  which w i l l  be su b tra c ted  from th e  spectrum  
observed when the  beam was in c id e n t on th e  t a r g e t  w i l l  be
where Zef f  i s  th e  average atom ic number o f  b r a s s .  Ze f f  i s  g iven  by
The background s u b tra c tio n  was made a f t e r  th e  a c tu a l  spectrum  had been 
c o rre c te d  fo r  counting r a te  e f f e c t s .  This was n e c e s s ita te d  by d i f f e r e n t  
counting r a te  c o rre c tio n s  to  th e  a c tu a l spectrum  and th e  background 
spectrum . The counting r a te  c o rre c tio n  was given by th e  r a t i o  o f th e  
c lock  tim e to  th e  l iv e  tim e o f  th e  p u lse  h e ig h t an a ly z e r . I t  i s  tru e
th a t  th e  energy o f th e  e le c tro n s  in c id e n t on th e  t a r g e t  chamber a f t e r  
s c a t te r in g  from th e  ta r g e t  i s  n o t equal to  th e  energy o f  th e  e le c tro n s  
in c id e n t  on th e  ta r g e t  and hence th e  background c o n tr ib u tio n s  cannot 
be d i r e c t ly  c a lc u la te d  by sim ple geom etrical c o n s id e ra tio n s . But 
Wyard ( r e f .  7) has shown th a t  the  th ic k  ta r g e t  spectrum  i s  e s s e n t ia l ly  
independent o f  th e  e le c tro n  energy . We have used t h i s  approach because 
th e  background i s  ex trem ely  sm all and any e r ro r  in tro d u ced  on th e  b a s is  
o f  t h i s  assum ption w i l l  a lso  be sm all.
\
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The p u lse  h e ig h t d is t r ib u t io n  measurements were rep ea ted  a t  10 ang les  
between 5° and. 130°. A fte r  c o rre c tin g  fo r  th e  background, th e  sp e c tra  
were then  c o rrec te d  fo r  th e  a tte n u a tio n  o f  th e  X-rays due to  th e  0 .125-inch  
b ra s s  chamber w all and th e  0 .032 -inch  aluminum cover over th e  Nal c r y s ta l .
In  o rd er to  measure th e  s p e c tra  a t  ang les l e s s  th an  ^5° to  th e  
e le c tro n  beam a  d i f f e r e n t  chamber, one w ith o u t th e  aluminum t a i l ,  was u sed . 
So th a t  th e  sp e c tra  taken  w ith  th e  two d i f f e r e n t  chambers can be compared, 
overlapp ing  measurements were made a t  th re e  d i f f e r e n t  a n g le s . From th e se  
th re e  common s p e c tra , an average norm alizing  f a c to r  was o b ta in ed . Since 
xiud a lread y  been shown w ith  th e  f i r s t  t a r g e t  chamber th a t  th e  back­
ground ra d ia t io n  was n e g lig ib le ,  an allowance fo r  th e  background r a d ia t io n  
was made in  a  manner s im ila r  to  th a t  in d ic a te d  e a r l i e r .
Another assum ption, which has been e x p l i c i t ly  made in  our measurements, 
i s  t h a t  no e le c tro n s  a re  knocked ou t o f th e  t a r g e t  when e n e rg e tic  e le c tro n s  
s t r ik e  i t . However, i t  i s  n o t expected to  in tro d u ce  any se rio u s  e r ro r  in  
our r e s u l t s  in  view o f ex trem ely low background.
CHAPTER I I I
EXPM3MEHTAL RESULTS
The manner in  •which th e  h rem sstrah lung  was d e te c ted  has been 
p re se n te d  in  d e t a i l .  F igu res 5 6 show th e  measured brem sstrahlung
spectrum  a t  75° and. 120°, r e s p e c tiv e ly , fo r  a  t a r g e t  bombarded w ith  
.. .% e le c tro n s .  The background sp e c tra  a t  th e  two re sp e c tiv e  
an g le s , tak en  when th e  same beam as was in c id e n t on th e  t a r g e t  s tru c k  
th e  back o f th e  t a r g e t  chamber fo r  10 m inutes are  shown in  f ig u re s  7 
and 8 . The background sp e c tra  a f t e r  no rm aliza tio n  in  th e  manner 
in d ic a te d  e a r l i e r  were su b tra c te d  from th e  main s p e c tra . The n e t 
measured s p e c tra  were th en  o b ta in ed . A comparison between th e  spec- x 
tram, and th e  background a f t e r  n o rm aliza tio n  can be seen in  f ig u re  9«
The spectrum  a t  each angle was th en  s tr ip p e d  u sin g  s tan d ard  p u lse  
p r o f i l e s  from N a ^ ,  and C o ^  gamma ray  so u rc e s . The a reas
under re sp e c tiv e  p u lse s  then  gave a  measure o f  th e  i n t e n s i t i e s  o f  X -rays 
o f  v ario u s  e n e rg ie s . These i n t e n s i t i e s  were th en  c o rre c te d  fo r  absorp­
t io n  in  th e  w a lls  o f  th e  t a r g e t  chamber and th e  aluminum cover o f  th e  
sodium io d id e  c r y s ta l  and th e  c r y s ta l  e f f ic ie n c y .  The c o rre c te d  spectrum  
th u s  ob ta in ed  i s  then  d iv id ed  in to  25 s t r i p s  each 50 k i lo v o l ts  w ide. The 
in t e n s i t i e s  in  v ario u s  s t r i p s  were compared a t  each a n g le . These values 
fo r  th e  1 .25  Nev. case can be seen in  ta b le  I .  Using l e a s t  square a n a ly s is ,  
th e se  i n t e n s i t i e s  were f i t t e d  to  an a n a ly t ic a l  ex p ress io n  o f  th e  form
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W(9) = A q  + AjPpCcos 9) + A 2P 2(cos 9) + . .
W(G) = angu lar d is t r ib u t io n  fu n c tio n
Aj_ = c o e f f ic ie n t  o f  Legendre polynom ial o f  th e  i"^1 o rd e r .
The r e p re s e n ta t i  ve r e s u l t s  fo r  carbon o b ta in ed  in  th e  above manner 
a t  th e  two in c id e n t e le c tro n  en e rg ie s  a re  g iven  in  ta b le  I I .  From 
th i s  ta b le  and f ig u re s  10 and 11 th e  fo llow ing  conclusions a re  drawn:
1 . The angu lar d is t r ib u t io n  o f  the  h igh  energy photons i s  s tro n g ly  
peaked in  th e  forw ard d ir e c t io n .
2 . The angu lar d i s t r ib u t io n  i s  com paratively weaker fo r  th e  low 
energy photons.
5 . The angu lar d i s t r ib u t io n  o f  a p a r t ic u la r  reg io n  o f th e  spectrum  
i s  dependent on th e  In c id e n t e le c tro n  energy .
4 . The r e l a t iv e  i n t e n s i t i e s  o f  d i f f e r e n t  reg io n s  o f  th e  spectrum 
a re  no t very s tro n g  fu n c tio n s  o f  th e  in c id e n t e le c tro n  e n e rg ie s . The 
s tro n g  d is p a r i ty  i n  th e  angu lar d is t r ib u t io n  o f  low energy photons i s  
p a r t ly  due to  th e  e f f e c ts  o f  f i n i t e  re s o lu tio n  o f th e  spec trom eter.
As p o in ted  ou t e a r l i e r ,  th e  counts in  th e  in d iv id u a l s t r i p s  were 
c o rre c te d  fo r  th e  d e te c to r  e f f ic ie n c y  o f th e  sodium io d id e  c ry s ta l  fo r  
th e  energy o f  th e  p u ls e s .  The e f f ic ie n c y  o f  th e  2 - in .  by 2 -in .  sodium 
io d id e  c r y s ta l  fo r  photons o f  en e rg ie s  between 50 Kev. and 1.25  Mev. i s  
shown in  f ig u re  12.
The angu lar d i s t r ib u t io n  o f  t o t a l  r a d ia te d  energy was determ ined. 
The counts in  each s t r i p  were m u ltip lie d  by th e  mean s t r i p  energy. This 
gave th e  r a d ia te d  in te n s i ty  in  in d iv id u a l s t r i p s .  A ll th ese  in t e n s i t i e s  
a t  a g iven  angle were added to  g ive th e  t o t a l  r a d ia te d  in te n s i ty  a t  th a t
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an g le . The p rocess  was rep ea ted  a t  each an g le . The f in a l  r e s u l t s  
can be seen in  f ig u re s  13 and 1^ . An ex p ress io n  f o r  th e  angu lar 
d is t r ib u t io n  o f  r a d ia t io n  in te n s i ty  was o b ta in ed . The r e s u l t s  fo r  
carbon a t  th e  two d i f f e r e n t  en e rg ie s  a re  g iven  in  ta b le  I I I .
The ra d ia te d  i n t e n s i t i e s  a t  th e  v ario u s  an g le s , 1 ( 0 ) , .were in te g ra te d  
over a l l  ang les  9 and 0 in  o rd e r to  o b ta in  th e  t o t a l  ra d ia te d  energy, 
t h a t  i s
Using th e  t o t a l  ra d ia te d  energy , th e  e f f ic ie n c y  w ith  which th e  e le c tro n s  
produce X -rays in  carbon can be determ ined . The e f f ic ie n c y  o f  r a d ia t iv e  
c o l l i s io n s  i s
The r e s u l t s  fo r  carbon a t  th e  two en e rg ie s  a re  in  ta b le  IV. Also given 
in  tab le IV  f o r  comparison a re  th e  c a lc u la te d  e f f ic ie n c ie s  o b ta ined  
from th e  em p irica l r e la t io n  o f  Koch and Motz ( r e f .  5 )•  The em p irica l 
ex p ress io n  fo r  th ic k  ta r g e ts  i s
The experim en tal t o t a l  ra d ia te d  in t e n s i t i e s  l (k )  have been compared 
w ith  th e  ex p ress io n  g iven  by Wyard ( r e f .  7)* The r e la t io n  i s
l(0)dQ  = 2jc
0
1 (0 )s in  9 d9
T o ta l ra d ia te d  energy
T o ta l in c id e n t e le c tro n  energy
3 X IO -^Z T q)
1 + 3 X IO -H zTo)
The comparison o f th e  experim ental r e s u l t s  f o r  carbon a t  th e  two
e n e rg ie s  and th e  ex p ress io n  by Wyard i s  shown in  f ig u re  15 .
24
E xplanation  o f s t r ip p in g .-  In  o rd er to  compare th e  experim ental 
sp e c tra  w ith  th e  th eo ry , i t  was necessary  to  take  account o f th e  f i n i t e  
re s o lu t io n  o f  th e  sodium io d id e  c r y s ta l  f o r  v ario u s  energy photons. The 
experim en tal sp e c tra  r a th e r  than  th e  th e o re t ic a l  sp e c tra  were changed in  
o rd e r to  be ab le  to  compare th e  th e o r e t ic a l  r e s u l t s  to  th e  experim ental 
r e s u l t s .  The experim ental th ic k  ta r g e t  sp e c tra  were d iv id ed  in to  s t r i p s  
50 Kev. w ide. A re p re s e n ta tiv e  p u lse  " p ro f i le "  was drawn fo r  each s t r i p .  
C sl37(0.667 M ev.), C o ^ ( l . l 7  and 1.53 M ev.), and IT a^(0 .51  Mev. and 
1 .28  Mev.) gamma ray  sources were used to  p rov ide th e  re fe ren ce  p r o f i le s  
fo r  v ario u s  energy ran g es. A p u lse  o f  a  h e ig h t as near th e  mean s t r i p  
h e ig h t as was c o n s is te n t w ith  f i n i t e  re s o lu t io n  o f th e  spectrom eter was 
drawn. This was su b tra c te d  from th e  e n t i r e  spectrum  and th e  nex t s t r i p  
was th e n  t r e a te d  in  th e  same manner. Using th e  curves between t o t a l  
cap tu re  peak h e ig h t and th e  t o t a l  a re a  under the  p u lse , re sp e c tiv e  a reas  
o f  each s t r i p  as would have been seen by an " id e a l"  spectrom eter were 
c o n s tru c te d . These a reas  were th en  c o rrec ted  fo r  ab so rp tio n  in  th e  
chamber w a lls  and Nal c r y s ta l  cover and th e  e f f ic ie n c y  o f  d e te c tio n  o f 
th e  c r y s ta l  fo r  re sp e c tiv e  X -rays. In  t h i s  way, th e  composite e x p e r i­
m ental spectrum  was broken in to  in d iv id u a l s t r i p s .  The comparison o f 
th e  experim en tal and th e o r e t ic a l  r e s u l t s  a re  shown in  f ig u re s  16-19.
CHAPTER IV
GENERAL CONCLUSIONS
1 . At in c id e n t e n e rg ie s  o f th e  o rd e r o f  1 Mev., th e  t o t a l  r a d ia te d  
energy from th ic k  carbon ta r g e ts  i s  l e s s  th an  0 .50  p e rc en t o f  th e  in c id e n t 
energy .
2 . Reasonably good agreement between th e  r e s u l t  computed on th e  
b a s is  o f  simple id e a s  about m u ltip le  e le c tro n  s c a t te r in g  and th e  observed 
d a ta  in d ic a te  th a t  th e  e f f e c ts  o f  m u ltip le  s c a t te r in g  are  n o t very s e r io u s .
5 . The t o t a l  ra d ia te d  f lu x  from th ic k  carbon ta r g e ts  has a  s tro n g  
angu lar dependence.
b.  The an g u la r dependence o f  th e  ra d ia te d  f lu x  i s  s l ig h t ly  
dependent on th e  in c id e n t e le c tro n  energy . In  going from 1 .05  Mev. to  
1 .25  M e v .,  th e  r a t i o  o f  th e  f lu x  in te n s i ty  a t  0° to  th e  f lu x  in te n s i ty  
a t  90°  goes up from 5*5 to  7*2.
5 . W yard's em p irica l form ula fo r  r a d ia t io n  fluxj l ( k ) , p re d ic ts  
r e s u l t s  th a t  a re  n o t i n  v io le n t  disagreem ent w ith  th e  experim ent.
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APPENDIX
THE QUANTUM MECHANICAL DERIVATION FOR BREMSSTRAHLuNG 
PRODUCTION CROSS SECTION 
(L ecture by Dr. J .  J .  Singh)
A p lane  wave (Born approxim ation) re p re se n tin g  th e  e le c tro n  e n te rs  
th e  n u c lea r f i e ld .  I t  i s  s c a t te re d  and has a f i n i t e  chance o f  em ittin g  
a photon . The e le c tro n  i s  a c te d  on by th e  e lec tro m ag n e tic  f i e l d  o f th e  
em itted  photon as w e ll as  by th e  coulomb f i e ld  o f  th e  n u c leu s . Because 
th e  r a d ia t iv e  p ro cess  in v o lv es  th e  coupling o f  th e  e le c tro n s  w ith  th e  
e lec tro m ag n e tic  f i e l d  o f th e  em itted  photon, th e  c ro ss  se c tio n s  fo r  th e  
r a d ia t io n  are  o f  th e  o rd e r o f  l / l 3 7  tim es th e  e l a s t i c  s c a t te r in g  c ro ss  
s e c t io n . The p e r tu rb a tio n  th eo ry  f o r  so lv ing  S chrod inger*s eq u a tio n  i s  
used  in  t h i s  d e r iv a tio n .
The quantum m echanical behav io r o f  th e  r a d ia t io n  p ro cess  can be 
d esc rib ed  by a  wave fu n c tio n  s a t is fy in g  th e  wave equ a tio n
ih  ^  = W  (1)
d t
where
H = Ho + Hi n t
where
= ^ r a d  + ^ e l
A s l ig h t ly  d i f f e r e n t  r e p re s e n ta tio n  -  in te r a c t io n  r e p re s e n ta tio n  -  can be 
used whereby
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•where
/  kn ( r ) ^ n^ ^ n (r )^3L~i nn
= E ig e n s ta te s  o f  HQ
and
(2)
The s o lu t io n  o f equation  (2) g iv es  th e  p e rtu rb ed  e ig e n s ta te s  and th e  
p e rtu rb e d  e ig en v a lu es . Most o f  th e  problems o f  i n t e r e s t  in  r a d ia t io n  
th eo ry  a re  concerned -with c a lc u la tio n s  o f  t r a n s i t io n  p ro b a b i l i ty .  The 
t r a n s i t io n  p ro b a b i l i ty  o r c ro ss  se c tio n  w i l l  be d e riv ed  h e re .
Suppose th a t  a  system i s  i n i t i a l l y  in  a  s ta t io n a ry  s ta te  and
th e  energy e igenvalue i s  En . We wish to  c a lc u la te  th e  p ro b a b i l i ty ,  
P o ,k (t)>  th a t  th e  system  m i l  be in  th e  e ig e n s ta te  w ith  e igenvalue
4  a t  a  tim e t  i f  th e  system  i s  su b jec ted  to  a tim e-dependent 
p e r tu rb in g  f i e l d  U du rin g  th e  tim e o f  i n t e r e s t  ( o , t ) .
where s a t i s f i e s  th e  eq u a tio n
But du ring  th e  p e r tu rb a tio n  th e  wave fu n c tio n  s a t i s f i e s  th e  eq u a tio n
In  th e  absence o f  th e  p e r tu rb in g  f i e ld  U, th e  wave fu n c tio n  ty ( r ,t)  
can be expanded in  th e  form
ih  | |  = (H + U)>|r
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where Cj a re  tim e-independent co n s ta n ts . I t  i s  now assumed th a t  
during  th e  p e r tu rb a tio n  th e  wave fu n c tio n  f  may s t i l l  be expanded 
in  th e  form g iven  in  equ a tio n  (3) b u t w ith  tim e-dependent C ^ 's . 
S u b s ti tu tin g  eq u a tio n  (3) in to  th e  p e rtu rb ed  wave equ a tio n  we g e t
l h  | |  = (H + U•)*
Then
M ultip ly  eq u a tio n  (4) by ^  and we g e t
iS ( t r )  -  Z  ♦ iw jcj ( t )
T herefore
_  dC 
ih  —  
d t
As can be seen from equ a tio n  (5) we have an i n f i n i t e  system o f 
sim ultaneous d i f f e r e n t i a l  equations fo r  ( t )  fo r  which an approximate 
so lu tio n  can be ob ta in ed  i f  U i s  sm all.
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I f  dow we rep lace  C «(t) by th ese  i n i t i a l  v a lu es , th a t  i s
Cj(O) = 0 
Cn (0) = 1
*hich i s  to  say th a t  a t  t  = 0 th e  system was in  n s t a t e ,  we g e t
ih  f t  “ 1 /  n
Then th e  equ a tio n  i s
where Uj n i s  th e  m a trix  elem ent o f  U between th e  2 th  and
unperturbed energy e ig e n s t a t e s  in c lu d in g  t h e i r  tim e fu n c t io n s . Then
The p e rtu rb in g  f i e ld  causing t r a n s i t io n  from th e  i n i t i a l  s ta te  
0 (po) to  th e  f in a l  s ta t e  F(p0k) c o n s is ts  o f  two p a r t s :  ( l )  = i n t e r
a c tio n  o f  th e  e le c tro n  w ith  th e  r a d ia t io n  f i e ld  g iv ing  r i s e  to  th e  
em ission o f  k j (2) V = in te r a c t io n  o f e le c tro n s  w ith  th e  atomic f i e ld .  
T h erefo re , we have
C onsider f i r s t  th e  case o f  a  pure coulomb f i e ld ,  V = —p - .  The 
in te r a c t io n  ( H ^ )  has a  nonvanishing m atrix  elem ent only  fo r  t r a n s i t io n
(6)
2
Now pn ^ ( t )  = | c zCt)| where Pn ^ j ( t )  i s  equal to  the p ro b a b il i ty  o f 
t r a n s i t io n  from th e  n^*1 s ta t io n a ry  s ta te  to  th e  s ta t io n a ry  s t a t e .
H -  H int + V
'\
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where momentum i s  conserved. But th e  coulomb in te ra c t io n  (V) has 
m atrix  elem ents fo r  which th e  s ta te  o f th e  r a d ia t io n  f i e ld  rem ains 
unchanged w hile th e  e le c tro n  momentum may change by any amount. Thus., the  
t r a n s i t io n  from th e  i n i t i a l  to  f in a l  s ta t e ,  0 to  F, occurs by p assin g  
through an in te rm ed ia te  s ta t e :
I .  A photon k i s  em itted
where q. i s  th e  t o t a l  momentum t r a n s f e r r e d  to  th e  n u c leu s . The m atrix  
elem ent re sp o n s ib le  fo r  th e  t r a n s i t io n  from i n i t i a l  to  f in a l  s ta te  i s  
g iven  as fo llow s
P ' » Po -  k
This in te r a c t io n  i s  caused by Hj_nt  *
I I . P " = P ^
This in te r a c t io n  i s  caused by V
P0 -  p" -  P ' -  P = P0 -  P -  k  = 4
where Eq -  E j « Eq -  k  -  E1
E0 ** Epj = Eq -  E"
and u  *s mc^ ( r e s t  energy)
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, - o \ l /2
HI0  = - e (SSf ^ )  (u '^ouq)
l / 2
Hm  = (u W )
Ygi  = ^ 2 ( ^ 2 )  ( u ^ , )
IP » -  P
tatc2h2(Ze2) \
110 =  ------- ^ l 2 ( ^p -  p
uq ss i n i t i a l  e le c tro n  vave fu n c tio n  
u = e le c tro n  vave fu n c tio n  
X = D irac o p e ra to r
a  = component o f  r  i n  th e  d ir e c t io n  o f p o la r iz a t io n  o f  k 
The t r a n s i t i o n  p ro b a b i l i ty  p e r  u n i t  tim e i s  gi*ven by
l^ lK p o l^ Fh
where i s  equal to  th e  energy d e n s ity  o f  th e  f in a l  s t a t e s .
In  th e  f in a l  s t a t e ,  we have e le c tro n s  o f  momentum p (o f  energy E) 
and. a  photon o f  energy k . p and k  a re  q u ite  independent o f  each o th e r  
s in ce  th e  momentum between th e  e le c tro n  and photon i s  n o t conserved and 
hence, pF = PgP^, where pE = (energy d e n s ity  fu n c tio n  o f  th e  e le c tro n s )  
p^ = (d e n s ity  fu n c tio n  f o r  a  l i g h t  quantum k)
pEd&k^dftjjdk
(2?rch)
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Combining the. v ario u s  va lues o f th e  term s in  th e  ex p ress io n  above fo r  
t r a n s i t io n  p ro b a b i l i ty  p e r  u n i t  tim e, we g e t
T his i s  th e  d i f f e r e n t i a l  c ro ss  s e c tio n  fo r  th e  p ro cess  o f  photon 
p ro d u c tio n  in  e le c tro n  c o l l i s io n s  a g a in s t atom s. Summing over a l l  
sp in  and p o la r iz a t io n  d ire c t io n s  th e  same ex p ress io n  as  on page 10 i s  
o b ta in ed . (See eq . ( 5 ) . )  (L a tte r  p a r t  o f  t h i s  d e r iv a tio n  i s  tak en  
from "Quantum Theory o f  R ad ia tio n ,"  by W. H e i t le r .)
M  = ^ 0  dHd%kdk [ Y
137*2 Y ?  V  \ L
2
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TABLE IV
E ff ic ie n c y  o f  R ad ia tiv e  C o llis io n s  in  Carbon
E le c tro n
energy ,
Mev.
R esu lts  o f  p re se n t in v e s t ig a t io n
Koch1 
e t .  a l . ,  
p e rcen t
To R adiated  energy T o ta l ra d ia te d  energy\)\J  XVG V .  “ ■ .................■ ......... ......■■■■ ,In c id e n t energy 
p erce n t
In c id en t energy 7 
p ercen t
1 .0 5
1 .2 5
0 .1 5
.16
O.3 0
.32
O.38
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F ig u re  1 3 •-  A ngular d i s t r i b u t i o n  o f t o t a l  energy  ra d ia te d  when th ic k  
carbon t a r g e t s  a re  bombarded w ith  1.05 Mev. e le c t ro n s .
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carbon t a r g e t s  a re  bombarded w ith  1.25 Mev. e le c t ro n s .
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10“7
4 6 8.20 1.0
Photon energy , Mev
F ig u re  l 6 ( a ) . -  Comparison o f  " s t r a i g h t  th rough"  t h e o r e t i c a l  c a lc u la t io n s
and experim ent f o r  1.05 Mev. e le c t r o n s  i n  carbon. The X-rays were
observed  a t  an ang le  o f  ^5°»
5 V
10'
40
10'
/'• E spe jr ir ren ta l
P(@ ) = p r o b a b i l i t y  o f  s c a t t e r i n g  e le c t ro n s  
1 1 1 through an angle  9i- 1
d a
dkdS
10'
1.0
Photon en e rg y ,  Mev
Figure l6(b).- Comparison of a Monte-Ca.rlo calculation, including the 
Mott scattering, and experiment for 1.05 Mev. electrons in carbon. 
The X-rays were observed at an angle of •
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Photon anargy, 11av.
F ig u re  1 7 ( a ) . -  Comparison o f  " s t r a i g h t  th rough"  t h e o r e t i c a l  c a l c u l a t i o n s
and. experim ent f o r  1.25 Mev. e l e c t r o n s  i n  carbon. (0 = ^5°)
5 6
Photon energy, Mev
F ig u re  1 7 ( h ) . -  Comparison o f  a Monte-Carlo c a l c u l a t i o n ,  in c lu d in g  th e
Mott s c a t t e r i n g ,  and experim ent f o r  1 .25 Mev. e l e c t r o n s .  (0 = ^5°)
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Photon en erg y , Mev
F ig u re  l 8 . -  Comparison o f  " s t r a i g h t  th rough"  t h e o r e t i c a l  c a l c u l a t i o n s
and experim ent f o r  1 .05 Mev. e l e c t r o n s  i n  carbon.
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F ig u re  19*- Comparison o f  ’’s t r a i g h t  th ro u g h ’’ t h e o r e t i c a l  c a l c u l a t i o n s
and experim ent f o r  1.25 Mev. e l e c t r o n s  in  carbon.
